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COMPUTATIONAL FLUID DYNAMICS AND AEROTHERMODYNAMICS
(Development of Nonequilibrium Models Applicable to AOTU/AFE and

Superorbital Flight Regimes)

I. Introduction

This report covers the period from January 7, 1987 thru June 30,
1987. It will briefly decribe and summarize the current status of the
project, the research efforts during the last six months, and projected
future efforts. In addition, copies of viewgraphs recently used during
a briefing to Johnson Space Center (JSC) personnel are included as an

appendix.

11. Status and Personnel

Officially, the present project was awarded on January 7, 1987.
However, final paperwork was not completed until the middle of February;
and by this time personnel assignments for spring semester had already
been decided. Consequently, no graduate students were assigned to this
project until April 1, 1987, Due to this delayed start on the project,
it may be necessary to request & no-cost extension to the project

sometime in the next few months,
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At the present time, the staff associated with the project are:
Leland A. Carlson ~- Principal Investigator
Approximately 1/4 time
Glenn Bobekill ~-- Graduate Research Assistant
April - May, Half time
June to present, Full time
Thomas Gally -- Graduate Research Assistant
June to present, Half time
Robert GreendyKe -- Graduate Research Assistant

June to present, Full time

The research work associated with this project will form the basis
for the Masters thesis work of Mr. Bobskill and Mr. Greendyke. Mr.
Gally received his Masters degree in May 1987 and is currently worKing
on his doctoral degree. His current research efforts are split between

this project and one involving transonic wing design and analysis.

I111. Research Progress

At the present time the efforts on this project are organized into
two areas. The first involves Tom Gally and Dr. Carlson and is directed
towards the development of an approximate stagnation point sciution,
The cecond is directed tewards approximate flowfield studies which can
be used to develop and investigate shock jump, electron temperture,
radiation, vibration~disscciation coupling, and chemistry models. The
individuals associated with this second portion of the project are Dr.

Carlecn, Bob Greendrke, and Glenn Bobskill,



'Approximate Stagnation Point Solution Studies

The objective of this effort is to develp a rapid and "accurate”
approximate stagnation point solution which can be used for parameteric
and/or design studies and which includes approximately the effects of
chemical and thermal nonequilibirum, thermal conduction, radiative
qasdynamic coupling, and convective and radiative heat transfer., Since
this model is currently under development and undergeoing daily revision,
pressentation of details will be delayed until later reports. However,
a general outline of the approach is presented in the appendix. At the
present time, computer <solutions complete with graphice are being
obtained in an interactive fashion; and the entire approach appears

promising.

An example of the type of results which can be obtained with the
present approximate solution is shown on Figure 1. This case is for a
freestream velocity of 16 Km/sec, an altitude of approximately 43.5 km.,
and a shock detachment distance of 35.88 cm. As can be seen, the flow
rapidly equilibrates behind the <chock wave and 1is in chemical
equilibrium over most of the shock laver., Also, the flow exhibits some
radiative cooling and coupling as evidenced by the steady decrease in
temperature and degree of ionization in the central equilibirum part of

the chock Yaver.

Now, normally one would expect that radiative hexting from the

transparent portion of the spectrum would correlate with the freestream

parameter 0.5%(Freectream Dencity)#{Freestream Velocity Cubed), which is



a measure of the Kinetic energy flux or power per unit area in the
freestream, and scale with the shock detachment distance.
Interestingly, this case, under that logic, corresponds closely to the
condition of peak heating observed in the FIRE 11 flight experiment even
though that case was at about 10.48 Km/sec and 53.77 Km. The present
solution does contain an approximation for the heating from the visible
portion of the specturm, which is essentially transparent; and when this
value is adjusted to account +for differences in shock stand-off
distance, the result is about 350 watts/sq.cm. While the project has
not yet obtained the actual FIRE numerical data, graphical plots of the
measurements indicate that stagnation radiative heating values of 330 to
400 watts/sq.cm. were measured from the visible wavelength regions at

the time of peak heating.

A result obtained from the current approximate method which
corresponds more closely to a FIRE 11 trajectory point is shown on
Figqure 2. This result is in reasonable agreement with detailed
computations recently presented by Bird (Reference 1) and obtained using
the direct simulation Monte Carlo method. Aogain, the flow behind the
shock front equilibrates relatively quickly and most of the flowfield is
in chemical equilibrium, However, due to the lower freectream velocity,
the degree of ionization is relatively low and there is very little

radiative gasdynamic coupling.

As mentioned previously, the present method contains.a highly
approximate method of estimating the stagnation point heating due to

radiative transfer from the visible region. In addition, a vercion of




the code is being developed which uses the resultant flowfield sclution
to compute a more accurate estimate of radiative heating. The latter
approach uses a five step radiation model which includes emission and
absorption from the vacuum ultraviolet <(YUW) continuum and lines,
visible continuum, and infrared <IR) lines, Figure 3 compares the
present predictions with data from the FIRE 1I experiment, The
measurements from FIRE 11 were only in the visible plus IR spectrum and
only those results are shown. The present results are plotted over a
horizontal band since the present trajectory point did not match exactly
a FIRE 11 point. Thus, one end of the spread corresponds to a match in
freectream velocity while the other corresponds to a match of altitude.

Interestingly, the present results "surround" the experimental data.

However, in this investigators opinion, this good agreement should
not be viewed as verification of the method but rather as an indication
that it is relatively easy to match the FIRE data in the plotted
wavelength region. Phrased differently, the radiative heat flux in the
visible plus IR is not a sensitive indicator of the accuracy of a

flowfield calculation or model,

Nevertheless, it is believed that the present five-cstep radiative
heat transfer results are int resting. These results, which should be

viewed as very preliminary, are as follows:




Wavelength Type Heat Transfer

{Angstroms) (Watte/sq.cm.)
620-1100 VW Continuum 0.035
1100-1300 VW Continuum 51.89
1300-1570 VW Lines 1219,

1570-7870 Vigible Continuum 18,08
7870-9552 IR Lines 108.5

First, it should be noticed that in the visible plus IR region,
most of the heating is from IR iines, This trend is in accord with
shock tube data and calculations of other investigators. However, the
most surprising feature, is the strong contribution from the VW and in
particuiar from YWV lines. While, the contribution from this region
will depend strongly upon shock detachment distance {i.e. optical path
length) and the degree of nonequilibrium, these resuits indicate that
VWY radiation and not the visible may dominate. While this possibility
has been ignored by many investigatore (assuming that the VNV will all
he absorbed and not reach the body), it is in agreement with the recent
calculations of Bird and is implied in the comparicon between the

visible plus IR and total heating measured on FIRE 1I.

Concidering the uncertainty of these recults and the lack of shock
tube data in this wavelength regime, consideration probably should be
given to instrumenting the AFE to either measure heating from the VUM or

to provide measurements from which it can be deduced.




During the next portion of the project, it ic planned to continue
development of the approximate stagnation point model. Tentatively, the
following tasks will be conducted:

{1> Incorporate methods for accurately computing radiative heat
transfer using a five ctep absorption coefficient model, These
techniques will include the effects due +to chemical and thermal
nonequilibrium.

(2) Develop and include in the method appropriate techniques for
computing the covective heat transfer to the stagnation point.

(3> Improve the chemistry correlations used in the method.
{4) Automate the method so that it is easy to use and suitable for
parametric type studies.

{3) Consider and if possible include slip boundary conditions so
as to extend the region of validity of the model.

{4) Use the model to perform parametric type studies and compare

results to experimental and flight data.

dpproximate Flowfield Solution Studies

The primary objective of this portion of the program is to develop
and study a variety of of models and approximate modele for various
physical phenomena ascociated with the flowfield. In order to develop
such models, delineate their applicability, and determine the
consequences of their usage, it is essential to have a rapid flowfield

solver. A&fter considerahle investigation, it was decided to uce for the

flow solver a chemical and thermal nonequiltibrium Maslen type of inverse

fo.x]



solver due to Grose (Reference 2. In this method, a shock shape is

ascsumed and the flowfield and body shape are determined as part of the

salution.

While a Maslen model utilizes many assumptions, experience by this
and other investigators has shown that such models yield very good
engineering type of results., In addition, this model, which is based on
the Euler equations, has several distinct advantages to the present
project. First, it is computationally very fast. Second, it can be
utitized to compute the solutions along only a few selected streamlines
for those situations in which an entire flowfield solutione ie not
needed. This aspect is very important currently since many studies will
be needed to determine the effects etc. of using various approximate
models. Finally, the selected Maslen approach should be able to model
AOTV/AFE type of vehicles reasonably well cince they are basically blunt

sphere-cones.

Currently, the model has been coded and test runs have been
conducted. These test cases have included chemical nonequilibrium
{seven species and <ix reactions) as well as vibrational nonequilibrium,
and some typical results are included in the Appendix. It is planned to
use thise Flow sclver to study shock jump, electron temperature,
radiation, vibration-dissociation coupling, and reaction chemistry

maodels.

Urne of the primary problems in solvwing chemical nonequilbrium blunt

body flows with the Euler and/or Navier S&tokes equations is the



disparite time scales between various phenomena. Typically, some of the
chemical reactions have characteristic times much shorter than others
and much shorter than the flow characteristic time. These differences
make the resultant equations stiff, which often leads to stability
problems and long computing times. However, from a physical standpoint,
chemical reactions in air often proceed in steps. For example, oxygen
dissociation occurs much more rapidly than nitrogen dissociation, and
both occur faster than ionization., Thus, in various flight regimes it
might be possible to essentially uncouple the processes by assuming that
one or more of them is complete in the "shocKk front® and incorporting

the effect into the shock jump conditions.

Consequently, work is currently in progress under this portion of
the project to develop several shock jump approximations, incorporate
them into the flowfield solver, and study their applicability,
subsequent effects on the flowfield, and the computational effort (or
savings? involved. Currently three types of shock jump conditions, in
addition to the default condition of frozen mass fractions, are being
developed., The first, under the assumption that conditions are such
that oxygen dissociation occurs essentially immediately behind the
front, will determine post shock conditions assuming that 0z and 0 are
in equilibrium with each other and that N2Z and all other species
concentrations are frozen. 1t is believed that thic approximation will

be valid over the blunt body portion of much of the AOTY flight regime.

The cecond cne ¢ applicable only to pure MNZ and assumes that

nitrogen dissociation occurs rapidly and that N2 and N are in

10




equilibrium immediately behind the front. While not directly applicable
ta ATOV atmospheric flight, the use and study of this approximation will
enable some rapid studies of superorbital velocity flight and should
give insight into a variety of phenomena which are dominated or strongly
influenced by ionization and nitrogen atoms. At speeds above 10 Kkm/sec

nitrogen atoms and ions are the primary species affecting radiative

phenomena.

Finally, a shock jump approximation is being developed which
assumes that both nitrogen and oxygen dissociation are essentially
complete imemdiately behind the shock front and that N2 and 02 are in
equilibrium with N and 0. Again the validity and applicability of this

approximation will be investigated.

Another area which must be modeled appropriately in order to
accurately predict AOTV/superoribtal flowfields 1is the electron
temperature, which is the temperature which controls radiative emiscion
and absorption. At velocities above 10 Km/sec there are sufficient
number of 9free electrons that theoretically the electron temperature
should be determined by solving an electron energy equation. However,
the inclusion of this highly coupled equation into the problem greatly
increases the computational time required fc- soclution. Conseguently,
an investigation and evaluation of various methods of approximating the

electron temperature for this flight regime is being conducted..

Iy

On the other hand, for velocities helow approximately 10 km/sec, it

is generally accepted that the electron temperature is closely coupled

i



to the nitrogen vibrational temperature; and some researchers have
suggested approximating the electron temperature by setting it equal to
the nitrogen vibrational temperature. While this approach is quite good
over the latter portion of the chemical relaxation zone behind the shock
wave, previous experimental and theoretical studies by this author
indicate that the peak electron temperature may be significantly lower
than the peak nitrogen vibrational temperature and that the time of the
peak may be later. These differences could be important in computing
the resultant radiative emission. Consequently, wvarious electron
temperature models are being studied and will be incorperated into the

flowfield program and evaluated.

In conjunction with the evaluation of electron temperature models,
various radiation models are also being studied. Since this effort has
Just been initiated, details are not yet available, However, for
temperatures above 8000 to 10060 K, it appears that step models based
upon nitrogen atmos and ions will be adequate. However, =uch models

might possibly be simplified, and this possibility will be investigated.

At lower velocities and/or temperatures molecular band radiation
becomes important and current project studies have not definitely
determined whether or not ctep models can be used. The work in th s
area will, of course, continue.

Bv far one of the most important areas being studied currentiy

under the project is wibration disssociation coupling models. Vibration

dicsaciation coupling strongly  influences cpecies cancentration

12



variatione, vibrational temperaturecs, and hence electron temperatures
and radiative emission-absorption. Currently, the flowfield program has
a coupled vibration dissociation (CVD) model; and this approximation is
being modified to a coupled vibration dissociation vibration <{CUDV)
model. Eventually, it is planned to include in the program the option
of using either of these two models along with the CUDV preferential
model and the more recently proposed Park model {(Reference 3). In
addition, present project studies indicate that the <choice of
vibrational relaxation data and correlations can have a significant
effect on results. Consequently, in the next period the similarities,
differences, and consequences of using each of these models along with

various relaxation data will be investigated for the AOTV regime.

In conjunction with vibration dicsociation coupling efforts work
has also started on investigating the effects of various reaction
chemistry models. It is planned not only to perform parametric studies
of various rates but also to determine the effect on the flowfield and
heat transfer of various propoced reaction rate temperature dependence
models. While historically reaction rates have used heavy particle
tranclational temperatures, <czeveral investigatore have proposed for
various reactions using electron temperatures, vibrational temperatures,
or combinations of wariocus temperatures. Current studies indicate that
these various choices can affect rates and the extent of nonequilibrium
by crdere of magnitude. Thue, work ie in progress to modify the flow

code to allow wvarious temperature options. After this work is

completed, studies will be conducted to determine the effect of waricus




temperature dependence models. 1t chould be noted that for thece
studies the fact that the inverse flow code can be used to compute onily

a few streamnlines will result in significant time savings.

1V, Future Efforts

As indicated above and based upon discussions during a recent
present to NASA personnel, work during the next project period will
continue the development of the various approximate codes. During the
next reporting period these will be used as follows:

(1) To perform prametric studies of shock jump, electron
temperature, and radiation models.

{2y To perform parametric studies of vibration dissociation
chemistry coupling and reaction chemistry models.

{3 For the evaluation of various approximate models.

{4) For the evaluation of various approximations associated with
stagnation point colutions and to perform parametric studies of the

influence of various parameters on stagnation point heating.

Finally, it should be noted that the precent effort is directed not
only towards the AFE/AOTV velocity regime but also towards velocities
above 10 ¥mscec. There are eccentially two reasons for concidering the
higher welocities, First, investigation of superorbital phenomena and
the development cof engineering modele for that reqime will be of value

for future lunar and Marc missione. Second, the entry velocity of 10

km/cec for the AQOTY chould be viewed only as a "maximum cruise” point.

14



As for any aerospace vehicle, the actual +flight envelope used to
determine the vehicle design must, in order to account for emergencies
and various mission options, encompass a larger velocity and altitude
range. Thus, those portions of the current studies which are directed

at velocities above 10 km/sec are from an engineering standpoint also

applicable to an AFE/AOTV type of vehicle.
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{Nonequilibrium Models Applicable to AOTVU/AFE
Flight Regimes)>

PROJECT STAaTUS

Effective Start Dates 1 April 87

TLIO PARTS

PART I:
Approximate Stagnation Point Solution
(Gally and Carlson>
PART II:
Approximate Flowfield Solution Studies
(a) Shock, Te, and Radiation
Approximations
(Greendyke and Carlson>
(b Vib.-Temp. Coupling Models and

Effect on Chemistry
(BobsKill and Carlson?
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OBJECTIVE :
Develop an "accurate" approximate
solution suitable for parametric studies.

STARTING POQINT:

Superorbital velocities and continuum
flow. Later extend to lTower velocities and
transition region.

FLOWFIELD STRUCTURE:

il Conducting | .Conducting IN
11 ! IN
1 Chem. Nonegq. I Chem. Eq. IN
U i | IN
(| Complete Dissoc. I Complete Dissoc I\
i in Shock Front | IN
p 1t ] IN
Ll Ambipolar Diffusion | No Mol. Diff. IN
tl | (AN
1 u ;'0 I u ¥ zero N
1 p ¥ constant | p £ constant IN
bl | IN
1l Radiative Lossces | Radiative Losses from I\
i Dominated by VUV | Optically Thin Part ofli\
| I Spectrum I\
il l ' IN
1l TH 3£ Te 1 TH = Te I\
1 1 IN
1 Te Constant ] (AN
Bow Shock End of Moneq. Zone Wall

GOVERNING EQUATION:

’M%(},: 1,_(%{ Z“(—/\;ﬁ%)]%{‘[g‘p‘.vgl,‘.]
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TWO TRANSFORMATIONS:

¢1> dh = p ' dx = P u
<2 d‘n = K, L dn
=ty
’
FPrandtl No. = constantg P =
THICK ZONE
ABSORPTION COEFFICIENT
--IIL :
KT == lﬂ;f (Allows K,

to depend

upon flowfield)

RADIATIVE TRANSFER:

7

s, E, (T

B T,

- d g ¢
s = - 47 K. S: + 27 Ki
d x ¢t
approximated as
- d %
T - 20 K S, exp (=27, )
d x €
CHEMI STRY :
"Uncouple" Chemistry by fAssuming
/’x/f=5 = €<¢h , %,
far now
E = geq t 1 -  exp <«
where B is expt./empirical
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THICK EQUATION:
é

R S L D
FePr A
-z‘t’r (A —l?z-‘r
;e + L (- T >»co - D1 e
A RefFr
A=K, L 24 S c=(n® - % re, . B
s n- _T% 1 'y
T h
P Y Mg
-~ % _ ‘ - f
D—he€,,$ B Re-—.psu h n=1- _ZE

SHOCK B.C. =

Includes thermal conduction
Actual value coupled to the solution

THIN ZONE

ABSORPTION COEFFICIENT:

= - A
K, = K, <p sp >

RADIATIVE TRANSFER:
n

Y _
99 _ o ( I4 h
d)( /o i'&’

where n is typically 3

CHEMISTRY : ‘

Ac.cyme £ =€¢ h > and ucse linear
segments.
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vatt B. C.:

Currently acssuming “"hot" noncatalrtic
wall.

THIN EQUATION:

fl Ty
- T’C‘J.Il h”” = - - ¢ (
FRePr Kt,, L h,

PHYSICAL COORDINATES:

Obtained from solution and
transformations.
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g FLOT URE EFFORT S

1. Accurately compute radiative heat transter
using a S—step model.

2. Compute covective heat transfer.

Z. lncorporate nonequilibrium effects on
absorption coefficients.

4. Improve relaxation "distance" values.
5. Improve chemistry correlations.

4. Improve match points and thick downstream
boundary condition. ‘

7. ARutomate

8. Compare to data and perform parametric
studies.

@ . Extend further into AOTU/AFE flight
regime.
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FLOWFIELD MODEL

Using & nonequilibrium Maslen type of model
due to Grose.

Advantages:

1.
2.
3.

Usage :
1.

w N

Fast

Can do individual streamlines
Should model AOTV/AFE reasonably
well

Study Shock, TE, and Radiation
Models

Study Vibrational-Chemistry
Temperature Coupling models
Study reaction chemistry models

SHOCK JUMP APPROXIMATIONS

Currently developing four different cases:

1>
2>
(3>
<45

Frozen

02 & 0O in equil., N2 frozen
Pure N2 with N2 & N in equil.
NZ, 02 in equil. with N & O

Plan to determine where approx. applicable,
subsequent effects on flowfield, and
computational effort involved (savings).
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ELECTRON TEMPERATURE MODELS

At high temperatures, can TE be
approximated or must a TE DEG be colved?

How
can problem be simplified?
When significant number of moltecules
present, TE is coupled to TUNZ. But how is
it coupled? I TE=TUNZ okay? Is a more
detailed model needed?
FPrevious results -—-
- )
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34



RADIATION MODELS

At high temperatures, above 8000 to 10000
K, flow consists of atoms and ions. Step
models (5> appear adequate, but possibly can
be simplified. Radiation gasdrnamic coupling
probably important.

When molecular radiation important, can
step models be used? How many steps?
Radiation coupling probably not important.

VIBRATION-CHEMISTRY COUPLING MODELS

Various possibilities exist:
1. CVDV
2. CVUDV Preferential
3. Park Model

Influence of vibrational relaxation data
and correlations?

The similarities, differences, and

consequences of using each of these models in
the AOTV regime needs to be determined.

REACTION CHEMISTRY MODELS

Must be studied in conjunction with
vib—chem. models.

Study influence of number of species and
number of reactions on flowfield structure
and computaticonal effort.

Perform parametric studies on rates.

Study effect of varicus proposed reactian
rate temperature dependence models. M

Siqnificant information probably could be
obtained by studyring only two streaml ines.
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FUTURE DI RECTIORNS

1. Parametric studies of shock jump, electron
temperature, and radiation modeles.

2. Parametric studies of vibration chemistry
coupling and reaction chemistry models.

3. Evaluation of variocus models.

4, Continue to develop approximate stagnation
point solution.

NOTE ¢ Are these acceptable? We want to
provide results that are of value to you!
Guidance Please! Duration? Renewal? etc.

37



